The optical and electrical properties of 270/290/330-nm AlGaN-based deep ultraviolet (UV) light-emitting diodes (LEDs) with different Al content in quantum wells and barriers have been investigated systematically. Based on the experimental and numerical study, it is observed that the UV LEDs with longer wavelength and lower Al composition in AlGaN multiple quantum wells (MQWs) possess less dislocation density, higher light output power, and external quantum efficiency. Large ideality factors calculated from the I-V curves and simulated energy band profiles indicate that the current in the deep UV LEDs with high Al content is dominated by tunneling mechanism, which is attributed to the resulting potential drop in the active region caused by large polarization field in AlGaN MQWs.
Introduction
Deep ultraviolet light-emitting diodes (UV LEDs) based on high Al content AlxGa1-xN materials have been a subject of great interest due to their extensive applications, such as air and water purification, surface disinfection, UV curing, and medical phototherapy. Although the output power of deep UV LEDs have greatly increased [1] - [3] , Al x Ga 1Àx N based deep UV LEDs still suffer from relatively low external quantum efficiency (EQE) and emission power [4] . The EQEs of the reported deep UV LEDs with emission wavelengths ranging from 200 to 350 nm are typically less than 10%, which are about one order of magnitude lower than those of LEDs in the near UV and visible spectral range based on InxGa1-xN materials [2] . The causes responsible for the low efficiency of Al x Ga 1Àx N deep UV LEDs are various. First, the increased Al content in Al x Ga 1Àx N materials would cause higher dislocation density when grown on sapphire substrates, inducing severe nonradiative recombination [5] . Second, the strong spontaneous and piezoelectric polarization charges induced at the interface of the active layers for III-nitride materials make the band diagrams of quantum wells (QWs) titled and result in reduced overlap of electron and hole wave functions, which further deteriorate the radiative recombination rate [6] . Besides, the strong electron leakage due to the large imbalance for hole and electron injection in deep UV LEDs is considered as an important factor reducing the internal quantum efficiency (IQE) [7] . To solve these issues, various energy band engineering methods [8] - [10] , low-dislocation-density substrates, in combination with substrate thinning, encapsulation, and reflective electrodes have been utilized. However, it is often difficult to distinguish the contribution of each technology breakthrough to the internal and external quantum efficiencies, and the related mechanisms have not been completely understood yet.
In this study, in order to investigate the effect of Al composition varying in AlGaN MQWs on the optoelectronic properties of AlGaN-based deep UV LEDs, we have fabricated three deep UV LEDs emitting at 270, 290, and 330 nm by changing the Al content in the AlGaN quantum wells and barriers, while the other epilayers are kept in the same structure. The origin of the electroluminescence (EL), EQE and electrical performance of deep UV LEDs is investigated. Two-dimensional (2-D) numerical simulation is applied to explain the mechanisms for deep UV LEDs physically. the Al compositions in the well layers were set as x ¼ 0:6=0:5=0:15, and the Al compositions in the well layers were set as y ¼ 0:7=0:6=0:25, respectively. 300 Â 300 m 2 mesa type LED devices were fabricated by using standard photolithography and dry etching process to access the bottom n-AlGaN layer. The Ti/Al/Ti/Au n-type ohmic contact metallization was annealed at 950°C, and semitransparent current spreading Ni/Au metals were deposited on p-GaN. The EL spectra, current-voltage (I-V) curve, and output powers of the LEDs were obtained using a probe station with photo detectors. It can be clearly seen that the 270 nm LED reveals a broader full-width-at-half-maximum (FWHM) of about 16 nm, which is larger than the FWHM value of about 11 nm for the 290 and 330 nm LED at 20 mA injection current. Furthermore, the EL spectra of 270 nm LED shows the main emission peak with a weak parasitic peak at the right side of the main peak, while only one uniform emission peak is observed for both 290 and 330 nm LEDs. These results would be due to the potential fluctuations caused by alloy composition or well width variation in AlGaN QWs, as phase separation can be easily occurred during the growth of AlGaN with high Al content. The lateral phase often occurs due to nonuniform growth and different mobility of Al and Ga adatoms. Islands, pyramids, and V-type trenches form during initial growth of and AlGaN layer [11] . On the other hand, there is a blue-shift of the emission peaks with increasing current at shorter wavelengths, which is attributed to the banding filling of localized states and screening of the piezoelectric field in the QWs with higher Al content, and the EL emission peaks of the three UV LEDs also show a red shift as the injection current increased, indicating the strong self-heating effect under continuous wave (CW) injection current mode [12] . decreased at high currents, indicating a reduced EQE, which is attributed to the self-heating thermal effect in the UV LEDs. Moreover, as can be seen from Fig. 3 , it is evident that the light output power and EQE are increased as the Al content in the quantum well and barrier layers reduced for 270/290/330 nm LEDs. This is because the increased Al content in Al x Ga 1Àx N materials would cause higher dislocation density when grown on sapphire substrates, inducing severe nonradiative recombination centers [13] . It is also noteworthy that the maximum EQE of 330 nm LED is much larger than that of 270 and 290 nm LEDs. The extraction efficiency of AlGaN-based deep UV LEDs would be influenced by the UV light absorption in the p-GaN contact layer, and the unique optical polarization properties. As the design of the p-GaN layer for the three LEDs is the same, the extraction efficiency would be mainly affected by the optical polarization effect. For AlGaN-based LEDs, the polarization of light changes from transverse-electric (TE) to the transverse-magnetic (TM) polarized mode as the Al composition increases or the wavelengths decreases, and the light extraction efficiency of the TM-polarized light is much lower than that of the TE-polarized light, therefore, the efficiency reduces at shorter wavelengths [14] . The current that EQE reached maximum in 330 nm LED is higher than that in 270 and 290 nm LEDs. After reaching the maximum values, the EQE of the three LEDs decrease with the increased injection current owing to carrier spillover from the QWs into the barrier layers, which is originated from energy band bending caused by strong polarization field in AlGaN QWs.
Experimental Details

Results and Discussion
The current-voltage (I-V) characteristics of the 270/290/330 nm LEDs are shown in Fig. 4 . The forward voltages of the 270, 290, and 330 nm LEDs are, respectively, 5.3, 5, and 4.5 V at the injection current of 5 mA, indicating the electrical property could be deteriorated as the Al content in the AlGaN MQWs increased. Due to the high activation energies of Mg in high Al content AlxGa1-xN materials, the hole concentration is very low, leading to a large resistivity [15] . It is also noted that the behavior of the I-V characteristics reveals obvious difference the 330 nm LED and the other two UV LEDs at moderate forward voltages ð2⩽V⩽6Þ. As for the 270 and 290 nm UV LEDs, two different exponential segments are clearly seen within moderate forward voltage, which are indicated as region I and II in the inset of Fig. 4 . While only one exponential segment appears for the 330 nm LED within the same moderate voltage range. The ideality factor n of the LEDs at moderate voltage can be expressed using the following equation:
where R P is parallel resistance, R s is series resistance, I s is the saturation current, k is the Boltzmann constant, and T is the absolute temperature [16] . For the AlGaN-based deep UV LEDs, the values of the parallel resistance RP are in the order of 10 11 , which is several orders larger than the value of R s , thus the numerical terms of V =R p and R s =R p can be ignored when calculating the ideality factor, and (1) is simplified as
The ideality factors in region I are calculated as 8.01, 7.8, and 5 for the 270, 290, and 330 nm LEDs, respectively. In region II, the ideality factors are 4.05 and 3.92 for 270 and 290 nm LEDs, respectively. All of the ideality factors are much larger than 2, the large ideality factor cannot be explained by Shockley diffusion and recombination mode, indicating the presence of a significant current tunneling process in the three LEDs at moderate forward bias voltage. It is noted that the ideality factor decreases as the Al composition in the AlGaN MQWs is reduced, which is attributed to the higher dislocation density in Al x Ga 1Àx N materials with increased Al content [17] . In order to understand the optoelectronic properties and investigate the origin of large tunneling current in the deep UV LEDs physically, the energy band diagrams of the 270/290/330 nm UV LEDs are calculated by 2-D numerical simulations using Silvaco Atlas software, shown in Fig. 5 . In the simulation, both the band offset ratios of AlGaN/AlGaN and AlGaN/GaN are set to be 0.5/0.5 according to the report of Piprek et al. [18] . The incomplete ionization model in the software has been used to calculate the ionized electron and hole concentrations. Poisson's equation and carrier continuity equation are applied with carrier concentration dependent mobility model, field dependent mobility model, Shockley-Read-Hall (SRH) recombination model, surface recombination model, Auger recombination model, and optical generation-recombination taken into account [19] . According to the mechanism reported by Fiorentini et al. [20] , the polarization effect of wurtzite Al x Ga 1Àx N alloy is considered with 50% of the polarization charges compensated by defects and interface charges. The detailed parameters used in the simulation could be found in Ref. [21] . As can be seen from Fig. 5 , when 4 V forward voltage is applied, the energy band diagrams of 270 and 290 nm LEDs exhibit large potential drop from the p-type to n-type side. In contrast, 330 nm LED shows a flatter potential drop in the same region when compared with that of 270 and 290 nm LEDs. This is because the difference of Al content in Al x Ga 1Àx N materials induces different polarization filed in the active region, and cause different degrees of energy band banding. The large potential drop is considered to act as a barrier for the electron and hole injection, which would reduce the light output power and EQE of LEDs and can explain the results shown in Figs. 2 and 3 . Furthermore, the diffusion current is believed to be suppressed by the potential barrier, and the total current is dominated by tunneling current in the active region through trap levels in the forbidden band gap for the 280 and 250 nm LEDs.
Conclusion
In conclusion, we have investigated the effects of different Al content in AlGaN MQWs on the optical and electrical characteristics of AlGaN-based deep UV LEDs. The LEDs with high Al content in AlGaN MQWs suffer from low light output power and external quantum efficiency, which results from the reduced material quality with large dislocation density and the optical polarization effect. The red shift of the peak wavelength has been obviously observed as the injection current increases, which is due to the strong self-heating thermal effect under CW operation mode. Large ideality factors are obtained from the I-V curves of the deep UV LEDs, indicating the presence of a significant current tunneling process. These experimental findings are reproduced by energy band structure calculations using 2-D numerical simulation and can be explained by the different degrees of band bending and polarization field in the MQWs.
